This study reports the effects of different host: parasitoid ratios on parasitic behavior and functional response of three different parasitoid species (Eretmocerus sp. nr. furuhashii, Encarsia bimaculata, and Encarsia sophia) attacking the sweetpotato whitefly, Bemisia tabaci, under laboratory conditions. The parasitic ability of three parasitoid species was significantly influenced by the whitefly density. Increasing host density had beneficial effect on parasite efficiency of Er. sp. nr. furuhashii, E. bimaculata, and E. sophia. The rate of instant attack (a) observed for Er. sp. nr. furuhashii, E. bimaculata, and E. sophia was 0.1649, 0.1113, and 0.0655, respectively. Total parasitic time (T h ) observed for Er. sp. nr. furuhashii, E. bimaculata, and E. sophia was 0.0737, 0.2325, and 0.1936, respectively. In the second experiment, the parasitical action was also influenced by parasitoid density. At constant host density, the rate of parasitism increased with parasite density up to a certain density followed by a decrease in rate of parasitism with increasing parasitoid density.
Background
The sweet potato whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a serious pest of agricultural crops in different regions of the world (De Barro et al. 2011; Barbosa et al. 2014) . From the 1980s, B. tabaci Middle East-Asia Minor 1 (MEAM1) cryptic species (previously known as "B biotype") has drastically increased in distribution. This has been attributed to the development and increase in global trade. Direct damage by B. tabaci occurs as a result of sucking plant sap from the phloem and secretion of honey dew which serves as a substrate for growth of sooty molds (Oliveira et al. 2001; Perring 2001) . In addition, adults can transmit more than 150 plant viruses to commercial crops. Management of B. tabaci has been dominated by the frequent use of broad spectrum conventional chemical pesticides (Wang et al. 2010; Liang et al. 2012) . The consistent use of synthetic chemicals for B. tabaci management has resulted in environmental pollution and adverse effects on humans, mammals, and other non-target organisms. This injudicious use of chemicals leads to the intermission of natural biological control systems and outbreaks of B. tabaci (Devine and Furlong 2007) . All these factors have necessitated research and development of environmentally secure, biodegradable, and indigenous methods for insect pest management (Revathi et al. 2014) . Hence, the search for effective naturally occurring biological control agents (predators or parasitoids) can be used as a potential method to overcome environmental pollution and resistance problems.
Parasitoids have been used extensively as a model system in studies of population and behavioral ecology, partially due to their potential use in biological pest control (Godfray and Shimada 1999) . Parasitic wasp species belonging to genus Eretmocerus and genus Encarsia (Hymenoptera: Aphelinidae) are well known parasitoids of Bemisia tabaci (Gennadius) (Hemiptera:Aleyrodidae), with a widespread distribution worldwide (Qiu et al. 2003) . These species are recognized as one of the most important natural enemies of B. tabaci having generated a lot of interest in countries where B. tabaci is a problem. They oviposit under the host and develop in a vital capsule within the host (Gerling et al. 1991) . Adult parasitoids preferentially oviposit within the third and fourth instar nymph of whitefly, and the greatest rate of development occurs when the third instar whitefly nymphs are parasitized (Roudrigues et al. 1994; Gerling and Fried 2000; Kirk et al. 2000) .
Any method targeted at enhancing the impact of parasitoids will depend on our knowledge of many factors, including interactions between parasitoid and host. However, quantitative data on host-parasitoid interactions for genus Eretmocerus and Encarsia are limited. The level of mortality inflicted on a host population is determined primarily by the response of the parasitoid to host density, while population stability is maintained as a result of both density-dependent parasitoid progeny production and parasitoid-inflicted host mortality (Holling 1959) . To improve biological control of whiteflies and to obtain a better understanding of host-parasitoid interactions, detailed laboratory studies are necessary. Our previous studies have shown that Eretmocerus sp. nr. furuhashii, Encarsia bimaculata, and Encarsia sophia are the dominant parasitoids of Bemisia tabaci in China. The objectives of this study were to measure the response of Eretmocerus sp. nr. furuhashii, Encarsia bimaculata, and Encarsia sophia to varying B. tabaci densities, and the effects of parasitoid density on parasitic behavior and functional response.
Materials and methods

Materials Plants
Hibiscus rosa-sinensis L. branches (15 cm long) having two to three sprouting buds were cut from the stock plants grown at Engineering Research Center of Biological Control, Ministry of Education, South China Agricultural University, Guangzhou, China. The base of cuttings was dipped in indoleacetic acid solution (5 g/L) for 1 min followed by planting in the soils. The cuttings were transplanted in pots after complete sprouting (15 days). Hibiscus seedlings having 2-3 leaves were used for further experiments.
B. Tabaci
Bemisia tabaci adults were collected in Guangzhou from cotton plants and reared at the Engineering Research Center of Biological Control, Ministry of Education, South China Agricultural University. Bemisia tabaci was reared in a glasshouse on hibiscus seedlings for two to three generations under the following conditions 26 ± 1°C, 70 ± 10% RH, and 14:10-h light/dark photoperiod.
Parasitoids
The adult parasitoids (E. bimaculata, E. sophia, and Er. sp. nr. furuhashii) were collected from Engineering Research Center of Biological Control, Ministry of Education, South China Agricultural University, Guangzhou, China. Parasitoids were reared on hibiscus plants infested with second and third instars of B. tabaci. The plants were kept in plexiglass cages (60 × 60 × 60 cm) under laboratory conditions at 25 ± 2°C, 65 ± 10% RH, and 14:10 (L:D).
Methods
Host density to the influence of parasitism
The experimental cages were prepared by pouring water agar solution (15% w/v) to petri dishes (Φ = 3.5 cm). The hibiscus leaves with B. tabaci nymphs were placed above the water agar layer and clip cages (Φ = 3.5 cm) having minute holes were placed above the leaves. The number of second instar B. tabaci nymphs was varied while the number of parasitoid females (E. bimaculata, E. sophia, and Er. sp. nr. furuhashii) was held constant. Each treatment contained while two mated parasitoid females while the host density was divided into six levels (10, 20, 30, 40, 50, 60 individuals) . The mated parasitoid females were released and confined in clip cages along with second instar B. tabaci nymphs at different host densities. After 48 h, the parasitoids were removed and nymphs were observed under the stereoscope to record the number of parasitoid eggs laid. Control treatments for each host density were held without parasitoids to obtain an index of natural host materials. There were five replicates for each treatment.
The Holling function response equation (Holling 1959) was used to calculate the number of hosts attacked:
where N a parasite number a rate of successful attack T r total parasitic time N 0 host density T h time of parasiting each host Equation (1) was changed to
When the total parasitic time was 48 h, while T r = 2, supposing A = 0.5Th, B = 1/(2a), Y = 1/N a , X = 1/N 0 . The estimates of T h and a were obtained by linear regression. The analog modeling was obtained after entering T h and a to Eq. (1).
Parasitoid density to the influence of itself parasitism
The same exposure techniques as described above were used, except the number of parasitoids was varied, with the density of host nymphs held constant. Each treatment contained 1, 2, 3, 4, 5, 6, 7, or 8 mated parasitoid females (< 2 days old) while host density was held constant at 80 nymphs per treatment. A control treatment was held without exposure to parasitoids. After 48 h, the parasitoids were removed and nymphs were observed under the stereoscope to record the number of parasitoid eggs laid. When discovered two or more parasitoid eggs in one whitefly nymph, they were treated as one egg. There were five replicates for each treatment.
The effects of increasing parasitoid density on searching efficiency were analyzed by using Hassell and Varley equation (Hassell and Varley 1969) :
where a discover domain m mutual interference coefficient P parasite density Q search constant The attack rate (a) was calculated as:
where S survival host quantity N total host quantity Supposing lnE = Y, lnQ = A, −m = B, lnP = X, then Hassell-Varley model was calculated by linear regression.
Data analysis
Data were analyzed using analysis of variance (ANOVA), and means were separated using Tukey's studentized range test. All the data analyses were performed by using SAS 8.01 software (SAS Institute 2000).
Results and discussion
Effects of constant parasitoid density with varying host densities on parasitism The percentage of parasitism by E. sophia was not significantly affected by different whitefly densities. The highest rate of parasitism by E. sophia (12.00%) was observed when the host density was 10 individuals per treatment while the lowest rate of parasitism (8.00%) was observed for host density of 50 individuals per treatment (Table 1 ). The percentage of parasitism by E. bimaculata was significantly affected by different whitefly densities. The highest rate of parasitism by E. bimaculata (18.00%) was observed when the host density was 10 individuals per treatment while the lowest rate of parasitism (10.33%) was observed for host density of 50 individuals per treatment (Table 1 ). The rate of parasitism observed for host densities of 40, 50, and 60 individuals per treatment was significantly similar to each other. The rate of parasitism observed for Er. sp. nr. furuhashii was significantly affected by different whitefly densities. The highest rate of parasitism by Er. sp. nr. furuhashii (32.00%) was observed. When the host density was 10 individuals per treatment while the lowest rate of parasitism (19.00%) was observed for host density of 20 individuals per treatment (Table 1) .
The number of B. tabaci nymphs parasitized by E. sophia were significantly increased as the whitefly densities increased. The number of B. tabaci nymphs parasitized was lowest (1.20) for host density of 10 individuals per treatment while highest number of B. tabaci nymphs parasitized (5.00) was observed for host density of 60 individuals per treatment ( Table 2 ). The expected number of B. tabaci nymphs parasitized by E. sophia at The actual and expected number of B. tabaci nymphs parasitized by E. sophia were similar to each other for host densities of 10, 30, 40, and 50 individuals per treatment while actual number of B. tabaci nymphs parasitized by E. sophia for host densities of 20, and 60 individuals per treatment were higher than the expected number of B. tabaci nymphs parasitized by E. sophia (Fig. 1a) .
The number of B. tabaci nymphs parasitized by E. bimaculata were significantly increased as the whitefly densities increased. The number of B. tabaci nymphs parasitized was lowest (1.80) for host density of 10 individuals per treatment while highest number of B. tabaci nymphs parasitized (6.20) was observed for host density a b c Fig. 1 Comparison of the actual and expected number of whitefly nymphs parasitized by three parasitoid species. a E. sophia. b E. bimaculata. c Er. sp. nr. furuhashii
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Page 4 of 8 of 60 individuals per treatment ( Table 2 ). The expected number of B. tabaci nymphs parasitized by E. sophia at different host densities was calculated by the following regression equation
The actual number of B. tabaci nymphs parasitized by E. bimaculata was lower than the expected number of B. tabaci nymphs parasitized by E. sophia for host densities of 20, 30, and 40 individuals per treatment while actual number of B. tabaci nymphs parasitized by E. bimaculata for host densities of 10, and 60 individuals per treatment were higher than the expected number of B. tabaci nymphs parasitized by E. sophia (Fig. 1b) .
The number of B. tabaci nymphs parasitized by Er. sp. nr. furuhashii was also significantly increased as the whitefly densities increased. The number of B. tabaci nymphs parasitized was lowest (3.20) for host density of 10 individuals per treatment while highest number of B. tabaci nymphs parasitized (15.40) was observed for host density of 60 individuals per treatment ( Table 2 ). The expected number of B. tabaci nymphs parasitized by E. sophia at different host densities was calculated by the following regression equation
The actual number of B. tabaci nymphs parasitized by Er. sp. nr. furuhashii for different densities were higher than the expected number of B. tabaci nymphs parasitized by Er. sp. nr. furuhashii (Fig. 1b) .
The different parameters of functional response model such as rate of successful attack (a) and time spent for parasitizing each host (T h ) for different parasite species were calculated from the following equations:
The highest rate successful attack (0.1649) was observed for Er. sp. nr. furuhashii while the rate of successful attack observed for E. bimaculata was lowest with a mean value of 0.0655. The longest time spent for parasitizing host (0.2325) was observed for E. bimaculata whereas the time spent for parasitizing host by Er. sp. nr. furuhashii needed was the shortest with mean value of 0.0737 (Table 3) . According to the function response Eq. (1), when host density N 0 was infinite, and the parasitic upper limit was T r = 1, N a , the highest theoretical value of the whitefly nymph parasitized by each parasitoid in 1 day, was obtained. The theoretical value observed for Er. sp. nr. furuhashii was the highest with the mean value of 13.5685 whereas the lowest theoretical value (4.3011) was observed for E. bimaculata (Table 3) .
Our results showed that the parasitic ability of different species under a certain parasitoid density condition was enhanced along with the whitefly density increasing. These results are similar to parasitic behavior observed by Huang et al. (1996) and Zhang et al. (2005) for other parasitoid species like Trichogramma sp. and the Aphidius gifuensis. Zhang et al. (2005) observed highest parasitic ability of two different Trichogramma species when the parasitoid to host ratio was 1:3. Wang and Li (1996) observed an increase A. gifuensis fecundity with increase in host density until the host density reached 40 individuals/female. The fecundity of parasitoid ranged between 493.3 and 587.5 eggs when host density was higher than 40 individuals/female. In another experiment, Huang et al. (1996) observed a similar increase in the rate of parasitism when single Trichogramma females were reared on different densities of rice moth egg. Furthermore, the parasitism rate was also increased with increasing host density.
Avilla and Albajes (2011) discovered that offspring sex ratio had no influence on parasitic ability and reproduction of parasitoid Opius concolor; however, the host density had certain influences on the parasitic behavior. When the host density was high or low, major offspring of parasitoids were females while at medium density, the majority offspring were male.
Effects of constant host density with varying parasitoid densities on parasitism
The number of eggs laid by mated females of E. sophia was significantly affected by parasitoid densities. The number of eggs laid by E. sophia females increased (from 0.20 to 2.67) with increasing parasitoid densities (from 1 to 3 mated females per 60 host nymphs) whereas a decrease in female fecundity was observed as the parasitoid density increased from 3 to 8 mated females per 80 host nymphs (Table 4 ). The change in parasitoid densities also caused significant variations in the rate of parasitism. The rate of parasitism by E. sophia females increased (from 0.25 to 3.33%) with increasing parasitoid densities (from 1 to 3 mated females per 80 host nymphs) whereas a decrease in the rate of parasitism was observed as the parasitoid density increased from 3 to 8 mated females per 60 host nymphs (Table 4) . The mutual interference analysis performed trough Hassel-Varley model resulted in the following equation
The search constant calculated from above analysis was 0.0156 while the value of mutual interference parameter was 0.345. The actual and calculated values for rate of attack (a) were different from each other ( Table 4 ). The actual values of attack rate (a) of E. sophia females increased (from 0.025 to 0.0351 with increasing parasitoid densities (from 1 to 3 mated females per 60 host nymphs) whereas a decrease in values of attack rate was observed as the parasitoid density increased from 3 to 8 mated females (Table 4) .
The number of eggs laid by mated females of E. bimaculata was significantly affected by parasitoid densities. The number of eggs laid by E. bimaculata females increased (from 0.60 to 2.08) with increasing parasitoid densities (from 1 to 5 mated females per 60 host nymphs) whereas a decrease in female fecundity was observed as the parasitoid density increased from 4 to 8 mated females (Table 5 ). The change in parasitoid densities also caused significant variations in rate of parasitism. The rate of parasitism by E. bimaculata females increased (from 0.75 to 2.60%) with increasing parasitoid densities (from 1 to 5 mated females per 60 host nymphs) whereas a decrease in rate of parasitism was observed as the parasitoid density increased from 5 to 8 mated females per 80 host nymphs (Table 5) The search constant calculated from above analysis was 0.0089 while the value of mutual interference parameter was 0.4325. The actual values of attack rate (a) were different from each other ( Table 5 ). The actual values of attack rate (a) of E. bimaculata females increased (from 0.0075 to 0.0791) with increasing parasitoid densities (from 1 to 5 mated females per 80 host nymphs) whereas a decrease in values of attack rate was observed as the parasitoid density increased from 5 to 8 mated females (Table 5) . The number of eggs laid by mated females of Er. sp. nr. furuhashii was significantly affected by parasitoid densities. The number of eggs laid by Er. sp. nr. furuhashii's females increased (from 1.40 to 7.36) with increasing parasitoid densities (from 1 to 5 mated females per 60 host nymphs) whereas a decrease in female fecundity was observed as the parasitoid density increased from 4 to 8 mated females (Table 5 ). The change in parasitoid densities also caused significant variations in the rate of parasitism. The rate of parasitism by Er. sp. nr. furuhashii's females increased (from 1.75 to 9.20%) with increasing parasitoid densities (from 1 to 5 mated females per 60 host nymphs) whereas a decrease in the rate of parasitism was observed as the parasitoid density increased from 5 to 8 mated females per 60 host nymphs (Table 5 ). The mutual interference analysis performed trough Hassel-Varley model resulted in the following equation
The search constant calculated from above analysis was 0.0362 while the value of mutual interference parameter was 0.3568. The actual values of attack rate (a) were different from each other ( Table 6 ). The actual values of attack rate (a) of Er. sp. nr. furuhashii's females increased (from 0.0177 to 0.1232 with increasing parasitoid densities (from 1 to 5 mated females per 80 host nymphs) whereas a decrease in values of attack rate was observed as the parasitoid density increased from 5 to 8 mated females (Table 6) .
Density of parasitoid can also influence the rate of parasitism. Under a certain host density, density of Opius caricivorae Fischer was high, its parasitic rate and number of eggs laid were reduced gradually showing a good fitting effect of Hassell-Varley model (Gao 2002) . In this experiment, in the certain density whitefly situation, parasitic ability of three different parasite species increased with increase in wasp density increasing, but when wasp density achieved a certain degree, the rate of parasitism started to decrease. The variation in number of eggs laid and parasitism rate proved the existence of an interference effect of Eretmocerus sp. nr. furuhashii, Encarsia bimaculata, and Encarsia sophia. These results are similar to the findings of Saljoqi and He (2004) who studied the influence of wasp density on parasitism of corn borer by Trichogramma sp. when wasp was introduced into the rice moth eggs (density was 400) at four different densities (density was 1, 2, 4, and 8, respectively). When the density was 8, the total parasitism rate observed for host density of 8 was higher than other parasitoid densities. The average rate of parasitism per female reduced with increasing wasp densities. When the wasp density increased from 1 to 8, the average parasitism rate of each female wasp was reduced to nearly one half. Simultaneously, the reproduction of each female also reduced with increasing wasp density which shows that the increasing wasp density reduced the parasitic potency of Trichogramma.
Conclusions
Our results serve to increase the knowledge about three important parasitoids of whitefly (Er. sp. nr. furuhashii, E. bimaculata, and E. sophia). These results also provide basic information for long-term studies on comparing the relative efficiencies and mutual interference effect of different parasitoid species in sustainable whitefly management programs.
